Abstract The present study explored the susceptibility of Puntius pulchellus subadults to Lernaea cyprinacea infection subsequent upon their first introduction to an intensive culture system that had a previous history of Lernaea infection and evaluated the efficacy of doramectin against the parasite. All the P. pulchellus introduced to the culture pond got infected demonstrating 100 % susceptibility of this species to Lernaea infection. Pathological changes caused by the parasite as evidenced by the extensive hemorrhage and tissue necrosis of the host at the point of parasite attachment was most severe in P. pulchellus. On the contrary, among the fish species already present in the pond and were previously exposed to the infection before the start of the present study, only Labeo fimbriatus developed mild to moderate infection. Cirrhinus mrigala, Ctenopharyngodon idella and Cyprinus carpio from the same culture pond did not develop Lernaea infection. Doramectin administration at 1 mg/kg b.wt. of fish incorporated in feed and given orally for 10 days or by a single intramuscular injection at 200 lg/kg b.wt. was found to be effective in controlling L. cyprinacea adult parasite infection in P. pulchellus. Doramectin hastened healing of the wounds caused by L. cyprinacea and did not cause any noticeable adverse reactions or toxicity to the fish host during the present study. In conclusion, P. pulchellus was observed to be highly susceptible to L. cyprinacea upon its first exposure to the infective stages of the parasite and a single intramuscular injection of doramectin at 200 lg/kg b.wt. was more effective than oral administration of the drug in controlling L. cyprinacea infection.
Introduction
Freshwater aquaculture in India has remained synonymous with culture of Indian major carps and a few species of exotic varieties. The introduction of Indian major carps and exotic carps to water bodies of peninsular India has contributed much to the decline of many native fish fauna (Dubey 1992) . In order to bring species diversity into culture systems and to conserve and protect the fast dwindling rich biodiversity of peninsular rivers, there is an urgent need for culture, breeding, propagation and resource specific conservation of the endangered and threatened peninsular fish species.
Puntius pulchellus, once a major fishery of Tungabhadra reservoir in India and recorded from major rivers of peninsular India (Menon 1999) has presently declined to the status of critically endangered fish species (Rema Devi and Ali 2013) . The need for diversification of farmed fish species in recent years has evoked renewed interest in the breeding, propagation and culture of P. pulchellus. This has resulted in successful induced breeding of this carp species, paving the way for its introduction to aquaculture systems of the country (Sridhar et al. 2015) . However, introduction of a new fish species for the first time into an intensive culture system can pose a variety of problems including introduction and propagation of new parasitic agents and pathogens along with it or the introduced fish itself may prove to be a better host for parasites and pathogens previously present in the system. Accordingly, Perez et al. (1997) emphasized on the need for proper studies before recommending/permitting culture of new species. Further, it was reported that following introduction of new species, parasites posed a serious threat to indigenous fishes and it was realized that only effective quarantine measures could ensure their exclusion (Fernando 1991) . In view of these observations, there is an urgent need to study the patterns of parasitic infection in culture systems subsequent upon introduction of any new fish species.
The ectoparasites of fish have been controlled traditionally by dip treatment in solutions of organophosphates or synthetic pyrethroids. However, because of unfavourable experiences with the toxicity of these pesticides, this method has not come into general use. An ecofriendly quarantine/control measure against Lernaea by dip bath of affected fish in ammonium chloride solution was developed by Raghavendra et al. (2012) , but is effective only against the developmental stages of the parasite and not the adults. The increasing concern about the possible harmful effects of pesticides on human health and the actual or potential environmental damage resulting from their use has generated interest in seeking new and environment friendly drugs for parasite control. Doramectin is a fermentation derived endectocidal agent of the avermectin class and is claimed to have a highly active broad-spectrum anti-parasitic activity. It has been recommended for veterinary use to control a wide range of round worms and external parasites of terrestrial animals (Vercruysse 1993) . Doramectin has been successfully used earlier to control Lernaea infection in carps (Hemaprasanth et al. 2008 ).
The present study explored the susceptibility of P. pulchellus subadults to Lernaea cyprinacea infection upon their first introduction to intensive culture system and evaluated the efficacy of oral and intramuscular administration of doramectin against L. cyprinacea affecting P. pulchellus.
Materials and methods
Susceptibility of P. pulchellus to L. cyprinacea under culture conditions Twenty one numbers of P. pulchellus subadults from ponds with no previous history of Lernaea infection and weighing an average of 124 ± 12 g were shifted to a pond being utilized for polyculture of four fish species, viz; Labeo fimbriatus, Cirrhinus mrigala, Ctenopharyngodon idella and Cyprinus carpio. This culture pond had experienced a moderate infection with L. cyprinacea (Figs. 1, 2) 3 months before the present study. Among the subadults of four species of fish cultured in the pond, infection was observed mainly on L. fimbriatus (32 %) followed by C. idella (4 %) and C. mrigala (2 %). C. carpio did not harbour the infection. The infection was treated by pond application of deltamethrin (35 ml/ha-m, at weekly intervals, three times) and all the infected fish were observed to be parasite free within 45 days post deltamethrin treatment. Before introducing P. pulchellus, all the existing fish in the pond were once again drag netted and examined for parasitic infection. After confirming the absence of any visible signs of Lernaea infection among the existing fish species, P. pulchellus were introduced into the pond. After 1 month, all the fish were once again netted out and examined for Lernaea infection and pathological changes.
Evaluation of efficacy of doramectin administered through oral and intramuscular routes against L. cyprinacea infection in P. pulchellus
This study was conducted to evaluate the efficacy of doramectin administered orally via feed and through intramuscular (i/m) injections as a control/therapeutic measure against L. cyprinacea infection in P. pulchellus. Subadults of P. pulchellus infected with L. cyprinacea, were collected by drag netting from the infected culture pond and maintained in large glass aquaria. Infected P. pulchellus subadults had an average of 10.2 parasites per fish. Twenty one L. cyprinacea infected P. pulchellus were divided into three groups of seven each. Fish in the first group was fed for 10 days at 1.5 % of their body weight daily on a pelleted feed incorporated with doramectin at 1 mg/kg b.wt.
(Group I). The second group of seven infected fish was administered doramectin intramuscularly at the dorsal side above the lateral line in a single recommended dose of 200 lg/kg b.wt. on day 1 (Group II). The remaining seven infected fish neither fed on doramectin incorporated pelleted feed nor given i/m administration of the drug served as infected controls (Group III). Doramectin control groups consisted of uninfected P. pulchellus of similar age and size group obtained from a well quarantined clean culture pond not having previous history of Lernaea infection and (1) either fed on pelleted feed containing doramectin at 1 mg/kg b.wt. for 10 days (Group IV) or (2) administered doramectin via i/m route in a single dose of 200 lg/ kg b.wt. on day 1 (Group V). Seven numbers of P. pulchellus neither infected with Lernaea nor administered doramectin served as healthy controls (Group VI). All groups were fed daily with pelleted feed at 1.5 % of their b.wt. during the course of experiment. Observations were made daily for the progress of infection, pathological signs, changes in parasite appearance, death and disintegration or falling off of parasites, clinical picture of the host and changes in the general behaviour of the fish/signs of distress, including any noticeable adverse reactions or toxicity of the drug till 70 days post treatment (PT).
Results
Susceptibility of L. cyprinacea to P. pulchellus under culture conditions Only P. pulchellus and L. fimbriatus subadults acquired L. cyprinacea infection during the present study. Infection was most severe in P. pulchellus as evidenced by the higher numbers of parasites established on them and the prominent pathological changes in the host. All the introduced P. pulchellus (100 %) developed Lernaea infection. The average number of parasites established per fish was 10.2. The parasites were found attached predominantly at the base of the dorsal fin and a few on the caudal, anal and pelvic fins, but were absent on other body areas of P. pulchellus (Fig. 3 ). In the infected fish, circular ulcers surrounded by fibrinous granulomatous tissue, which later developed into a nodule were observed around the site of parasite attachment (Fig. 4 ) Pathological changes due to the parasite were more severe in P. pulchellus as evidenced by the extensive hemorrhage and tissue necrosis of the host at the point of parasite attachment. In comparison, only 12 % of the L. fimbriatus subadults from the pond developed L. cyprinacea infection with an average of 5.3 parasites per fish. Similarly, the pathological lesions caused by the parasite were mild to moderate in intensity in L. fimbriatus when compared to those observed in P. pulchellus. Even though the parasite caused hemorrhage at the point of its attachment, extensive ulcerations and tissue necrosis observed in P. pulchellus were almost absent in L. fimbriatus. Infection in L. fimbriatus was observed predominantly at the ventral side of the fish with a few parasites attached on the lateral sides of the body (Fig. 5) . C. mrigala, C. idella and C. carpio from the same culture pond did not develop L. cyprinacea infection. No mortality was observed in any of the experimental fish during the course of the study. In conclusion, P. pulchellus was observed to be highly susceptible to L. cyprinacea infection upon its first exposure to the infective stages of the parasite. Evaluation of efficacy of doramectin administered orally and intramuscularly against L. cyprinacea infection in P. pulchellus
Result of the experiment conducted to evaluate the efficacy of oral and i/m administration of doramectin against L. cyprinacea infection in subadults of P. pulchellus is given in Table 1 .
Based on the observations it is inferred that administration of doramectin at 1 mg/kg b.wt. of fish incorporated in feed for 10 days can effectively cure P. pulchellus from Lernaea infection within 24-29 days as compared to the normal course of 56-65 days taken by the fish in infected control to recover from this parasite. In general, the average number of days reported in this paper is their average value rounded off to the nearest whole number. However, i/m administration of doramectin in a single dose of 200 lg/kg b.wt. was more effective, removing L. cyprinacea infection in P. pulchellus as early as 22-25 days of treatment as compared to 24-29 days in orally administered group. Doramectin treated fish, by either treatment mode, developed a white mass of encapsulation around the parasite at the point of attachment to the fish host within 3 days of treatment. This was followed by decrease in the reddish granuloma and inflammation around the parasite during days 5-9 PT. Subsequently, the parasites became thin and thread like, lost their natural color and transparency and appeared whitish and opaque by days 12 PT. The parasite's egg production was affected leading to decreased egg output, followed by disintegration of the egg sacs and death of the parasites. Finally the parasite died and fell off or disintegrated from the host (days 21-26 PT). Complete healing marked by the development of body coloured small patch at the point where the parasite caused lesion occurred in treated fish by days 24-29 PT in oral administration and by 22-25 days PT in i/m administration (Figs. 6, 7) . By comparison, in infected controls, the circular ulcers surrounded by fibrinous granulomatous tissue observed around the site of parasite attachment at the beginning of the experiment gave an appearance of ulcers with swollen margins. This was followed by host connective tissue reaction to the parasite forming a thick fibrotic capsule around its embedded end, later resulting in the formation of the parasitic nodule. The parasite continued to live on the host and by 56th day of the experiment, all the parasites were dead, either having disintegrated or fallen off from the host. Complete healing of the ulcers and abscess caused by the parasite took another 9 days. It has been observed that the wound healing process in infected P. pulchellus was also augmented by doramectin as evidenced by the faster healing of the abscesses in treated fish than those in untreated ones. Fish from groups IV, V and VI were free of infection and remained healthy during the entire course of study. Doramectin did not cause any noticeable adverse reactions or toxicity to the fish host in any of the drug administered groups (I, II, IV and V).
Discussion
Puntius pulchellus is an endangered peninsular fish that thrives well in clear running waters under riverine conditions (Chakrabarty 1996) . Practically no information is available on the disease aspects of this wild fish either in their natural environment or upon their introduction to culture systems. This appears to be the first introduction of P. pulchellus into an intensive culture system and the immediate acquisition of parasites by this fish is in agreement with the report of Kent and Fournie (1993) who identified the cultivation of larger numbers, new species and development of new methods for fish rearing as reasons for the increasing prominence of diseases in fish culture in recent years. Review of literature on these aspects reveals that most of the studies on diseases following introduction of new species into culture system emphasize on new diseases brought to the system by the introduced fish (Hoffman 1970; Faisal et al. 1988; Wurtsbaugh and Tapia 1988; Koerting 1990; Krueger and May 1991; Robertson and Austin 1994; Blanc 1997; Peeler et al. 2006) . However, in the present case the newly introduced P. pulchellus acquired the parasitic infection that was preexistent. This indicates that even though the infected fish from the pond appeared to have got rid of Lernaea infection following deltamethrin treatment, the free or resting or resistant living stages of the parasite continued to survive in the culture environment. Following introduction of P. pulchellus, which were naïve and unexposed to this infection, conditions must have become favourable for the rapid development of the parasite, resulting in heavy infection in all the introduced P. pulchellus. There are only a few publications that implicate cultured fish as the origin of disease causing agents in wild stocks. These include the spread of furunculosis in Norwegian rivers after Aeromonas salmonicida was introduced with the international movement of fish for culture purposes (Johnsen and Jensen 1994) , increase in sea lice in wild salmonids in Europe and Canada attributed to increased environmental levels of this parasite due to fish farming (Jones 2009; Morton et al. 2005; Wootten et al. 1992 ) and the introduction and dispersal of the parasite Gyrodactylus salaris in Norway associated with stocking practices that used fish from infected hatcheries (Johnsen and Jensen 1991) . However, there is no irrefutable evidence that fish introductions are a significant mechanism for introducing pathogens or parasites to wild stocks (Stewart 1991) . This probably is because most of the information regarding the transmission of infectious and parasitic agents from cultured to wild fish is circumstantial and often equivocal (Iwama 1991) . In view of the above observations, the present experimental study on the parasitic infection in a new fish species introduced to culture conditions assumes special significance.
No reports are available in the literature on Lernaea infection in P. pulchellus and this paper seems to be the first report. Accordingly, P. pulchellus cannot be considered a natural host of Lernaea. Acquisition of the infection by P. pulchellus seems to have been facilitated by two factors viz; coming into contact with a new pathogen and the possible environment related stress consequent upon their introduction into intensive culture system, resulting in its increased susceptibility. This fact is in agreement with Stephen and Ribble (2001) who recorded environmental change, both natural and anthropogenic, leading to habitat alterations, environmental stressors and new species interactions to be associated with emerging diseases in people and animals. This type of transfer of parasitic infections from domesticated or cultured stock to introduced new wild species is quite possible and the spillover of pathogens from domestic stock to wild life is considered as one of the key drivers for emergence of wild life diseases (Daszak et al. 2001) .
Environmental stressors including culture conditions, water quality and pollutants can affect fish at all stages. Puntius pulchellus, inhabiting clean riverine waters upon introduction to intensive culture in confined waters was subjected to a sea change in the environmental and water quality parameters, higher population density and resultant Fig. 6 Puntius pulchellus during the course of its recovery post doramectin treatment Fig. 7 Magnified view of the dorsal area of the treated fish during recovery higher competition for space and food. Extremes in water quality (dissolved oxygen, pH, gas content etc.) and pollutants can unduly stress fish and increase the probability of disease (Wood 1979; Meyer et al. 1983) . Physical condition such as crowding and exertion were also reported to affect an individual's ability to withstand the effects of disease agents (Johannson and Bergstrom 1977) . Similarly, fish population density can affect the competition between fish (McMicheal and Pearson 1998), leading to stress and render the host species susceptible. Stressors such as those described above are most likely more immediate and significant factors in culture environment than under wild conditions. If a fish is unable to adapt to new stresses, its health is compromised through reduced growth, increased disease susceptibility, reduced swimming performance and other physiological effects (Stephen and Iwama 1997) . This inability of P. pulchellus to adapt to the stresses resulting from its introduction to intensive culture system can be one of the reasons for its increased susceptibility to L. cyprinacea observed in the present study.
The higher susceptibility of P. pulchellus to L. cyprinacea is evidenced by the greater percent infection and severe pathological lesions on them compared to those observed in other fish species from the same culture pond. This supports the argument that often, fish without a history of exposure to an agent are more susceptible. In the present study the newly introduced P. pulchellus were naïve, whereas the other fish in the pond had earlier exposure to the infection. As a general rule, a disease spreads better in populations that are entirely susceptible than in populations with some degree of immunity, as immune individuals tend to break the transmission cycle (Scott and Smith 1994). The observation that P. pulchellus are more susceptible to infection than other species of immune hosts is in conformity with Buchanan et al. (1983) who showed strains of steelhead (Oncorhynchus mykiss) from areas without Ceratomyxa shasta were highly susceptible to this parasite. This assumes that behavioural mechanisms or innate immune responses of P. pulchellus were inadequate for introduced fish to fight off infection of already existing parasites in the system.
In the present study only P. pulchellus and L. fimbriatus subadults acquired L. cyprinacea infection and C. mrigala, C. idella and C. carpio from the same culture pond did not develop the infection. Hemaparasanth et al. (2011) studied the comparative susceptibility of carp fingerlings to L. cyprinacea and found L. fimbriatus and C. idella susceptible and C. carpio resistant under monoculture. Even though the present study was conducted with subadults and not fingerlings, current observations on susceptibility of L. fimbriatus and resistance of C. carpio to L. cyprinacea is in agreement with the earlier report. However, the resistance shown by C. idella subadults to L. cyprinacea in the present study is in disagreement with Hemaparasanth et al. (2011) who reported 40 % of challenged C. idella fingerlings to develop L. cyprinacea infection under monoculture. This observed difference may be because the susceptibility/resistance to Lernaea are likely to vary among fingerlings and subadults of C. idealla. Another factor which may be responsible for the resistance shown by C. mrigala and C. idella under polyculture in the present study is that these fishes have been previously exposed to this parasite and had developed L. cyprinacea infection, which was cured by deltamethrin treatment. C. carpio, which is reported as a resistant species earlier did not develop infection during the present study.
We have observed that P. pulchellus has a shoaling tendency and all the introduced fish swarm/moved in a school. The shoaling habit is certain to increase the probability of contact between the fish and the parasitic stages resulting in 100 % infection. Apart from this, the genetic aspects of pathogens and parasites, which can affect the host-parasite interactions, may also be responsible for the higher parasitosis in P. pulchellus. More studies on these aspects needs to be undertaken to unravel the reasons for the higher parasitization observed on P. pulchellus.
Even though doramectin has been effectively used to control ectoparasites affecting different species of terrestrial animals (Vercruysse 1993) , there are only a few reports on its efficacy against parasites of aquatic animals (Hemaprasanth et al. 2008 ). This paper is the first report on the use of doramectin for treatment of Lernaea infection in P. pulchellus and established the efficacy of both oral and IM administrations of doramectin for control of L. cyprinacea. The effectiveness of doramection at 1 mg/kg b.wt. orally through feed and 200 lg/kg bodyweight intramuscularly against Lernaea observed in the present study is in agreement with earlier report on its effectiveness against Lernaea infection in carps (Hemaprasanth et al. 2008) .
The primary mode of action of avermectins is to modulate the chloride ion channel activity in the nervous system of nematodes and arthropods. Avermectins bind to the receptors that increase permeability to chloride ions, which inhibits the electrical activity of nerve cells in nematodes and muscle cells in arthropods causing paralysis and death of the parasite. Studies on the pharmacokinetics of doramectin in donkeys revealed that the maximum plasma concentration (C max ) was reached at 24 h post administration (Gokbulut et al. 2005) , probably coinciding with the initial reaction of the drug on the parasites leading to their immobilization and finally death. The drug induced death or immobilization of the parasite is likely to result in release of increased levels of toxins and excretory/secretory products by the parasite and the formation of the white mass around the parasite observed in the present study may be a part of the host response to the release of metabolites.
Subsequent to doramectin administration to infected fish, the parasite's egg production was affected leading to decreased egg output, followed by disintegration of the egg sacs and death of the parasites. Based on this observation it can be presumed that doramectin has a direct impact on the reproductive potential of the parasite. The ability of doramectin to affect the reproductive capacity and development of other ectoparasites was reported earlier. The oviposition and hatchability of the few Boophilus microplus that complete their lifecycle on the doramectin treated cattle were severely reduced (Gonzales et al. 1993) . Similarly, Macedo et al. (2005) studied the post-embryonic development of Stomoxys calcitrans feeding on feces of bovines treated with different avermectins and found that doramectin reduced the viability of S. calcitrans to develop from larvae to adult by 92 %. This ability of doramectin, which is detrimental to the development and reproductive potential of the parasite, can possibly be utilized to develop prophylactic strategies where animals can be treated in a manner that limits the contamination of aquatic environment.
Wound healing process in infected P. pulchellus was also augmented by doramectin as evidenced by the faster healing of the abscesses in treated fish than those in untreated ones. This is in conformity with the report of Oliveira et al. (1993) that the wounds of doramectin treated infected cattle healed more rapidly than the untreated ones and also that of Moya Borja et al. (1993) that doramectin prevented damage caused by Dermatobia hominis in cattle.
The acquisition of Lernaea infection by P. pulchellus upon its introduction to a pond under intensive culture highlights the threats and problems associated with introduction of new fish species. Detailed studies on the susceptibility of new culture species to parasites and other pathogens needs to be undertaken to evolve suitable quarantine and prophylactic measures before recommending introduction of novel species into aquaculture. In addition, the present study also established the efficacy of doramectin administered via feed for 10 days at 1 mg/kg b.wt. or in a single i/m dose of at 200 lg/kg b.wt. of fish in controlling L. cyprinacea infection in P. pulchellus. Though the present results on efficacy of doramectin against L. cyprinacea infection in P. pulchellus is supported by earlier reports on its efficacy against Lernaea infection in carps (Hemaprasanth et al. 2008) , further studies on the toxicity and pharmacokinetics of doramectin upon administration to aquatic organisms and its environmental impact or toxicity, if any, to other aquatic fauna are required to be undertaken before finally recommending the safe use of this drug for therapeutic control of parasitic infections of aquatic organisms.
